Galectin-3 (Gal-3) which shows affinity of β-galactosides is a cancer-related protein. Thus, it is important to understand its ligand binding mechanism and then design its specific inhibitor. It was suggested that the positions of water molecules in Gal-3 ligand-binding site could be replaced by appropriate chemical groups of ideal inhibitors. However, the reported structures of Gal-3 carbohydrate recognition domain (CRD) complexed with lactose showed that the number of water molecules are different and the water positions are inconsistent in the ligand-binding site. This study reported four high-resolution (1.24-1.19 Å) structures of Gal-3 CRD complexed with lactose, and accurately located 12 conserved water molecules in the water network of Gal-3 CRD ligand-binding site by merging these structures. These water molecules either directly stabilize the binding of Gal-3 CRD and lactose, or hold the former water molecules at the right place. In particular, water molecule 4 (W4) which only coordinates with water molecule 5 (W5) and water molecule 6 (W6) plays a key role in stabilizing galactose residue. In addition, by three-dimensional alignment of the positions of all residues, 14 flexible parts of Gal-3 CRD were found to dynamically fluctuate in the crystalline environment.
Introduction
Galectin-3 (Gal-3) is a member of the galectin family, which has a highly conserved carbohydrate recognition domain (CRD) on its C-terminal responsible of binding to β-galactoside residues [1, 2] . Gal-3 is a unique one among the known galectins, which in addition to CRD, contains a proline-rich, glycine-rich, and tyrosine-rich N-terminal domain through which it is able to form oligomers [3] . CRD comprises ∼130 amino acids, forming a compact globular structure which could be crystallized [4] , while N-terminal domain of Gal-3 which forms flexible loops and random coils is difficult to be crystallized alone.
Gal-3 is expressed in the nucleus, cytoplasm, cell surface, and extracellular space [3, 5, 6] . This protein has been shown to be involved in many biological processes including cell adhesion, cell cycle, and apoptosis [3] . Gal-3 has also been demonstrated to be involved in cancer, inflammation, angiogenesis, and stroke [3, [7] [8] [9] . The roles of Gal-3 in cancer have been intensively investigated. A number of studies have demonstrated the effectiveness of small-molecule inhibitors of Gal-3 in cancer treatment [10] [11] [12] . Galactose residue plays a key role in lactose binding to Gal-3 [3, 4] . Therefore, many inhibitors of Gal-3 have been designed based on galactose structure [13] . The core structure of these inhibitors is still the galactose pyranose ring, where C1, C2, and C3 are covalently modified by other chemical groups [13] .
The structures of apo and lactose bounded Gal-3 CRD solved by Saraboji et al. [14] revealed similarities in the positions of water and carbohydrate oxygen atoms in all states, indicating that the binding site of Gal-3 CRD is pre-organized to coordinate oxygen atoms in an arrangement that is nearly optimal for the recognition of lactose. This means that the positions of water molecules in Gal-3 CRD ligandbinding site can be used to place appropriate chemical groups (such as hydroxyl group, amino group, etc.) of ideal inhibitors. If a chemical group precisely occupies the positions of conserved water molecules in ligand-binding site and still participates in the original hydrogen-bond network, then it may increase the affinity of inhibitor to Gal-3. But the structures of Gal-3 CRD complexed with lactose solved so far showing that the number of water molecules in the ligandbinding site are different, and the positions of conserved water molecules in the water network are not always identical [4, 14, 15] . Therefore, it is necessary to specifically describe the water network and accurately locate the positions of conserved water molecules in Gal-3 ligand-binding site under the same experimental environment.
In addition, a nuclear magnetic resonance (NMR) study of Gal-3 CRDs revealed that two loops (residues 163-169 and residues 175-184), whose residues are part of the ligand-binding site, showed different conformations [16] . Another NMR study showed that the side chains of residues of these two loops are very flexible residues by comparing GlcNAc bounded and apo Gal-3 CRDs in liquid condition [17] . It indicates that Gal-3 CRD may bind to different ligands through these two flexible loops. However, whether these loops still fluctuate in crystalline environment is unknown. Furthermore, whether other regions of Gal-3 CRD are flexible in crystalline environment is also unknown.
X-ray crystallography can be used to visualize water molecules on protein surface. In order to reliably discriminate the structured water molecule, the crystallographic structural data should be better than 2.0 Å [18] . We assume that if water molecules are highly conserved in the water network of Gal-3 ligand-binding site, their positions should not change a lot in different crystal structures. In this study, four high-resolution (1.24-1.19 Å) structures of Gal-3 CRD crystallized with lactose in four different crystallization conditions were solved. The accurate positions of water molecules in the Gal-3 CRD ligand-binding site were located. Twelve water molecules in the ligandbinding site were identified to be highly conserved by merging four structures. This study provided helpful data regarding the knowledge of water network in Gal-3 CRD ligand binding. In addition, we could observe the fluctuation of Gal-3 CRD flexible parts by aligning the positions of amino acid residues.
Materials and Methods
Cloning, expression, and purification of Gal-3 CRD The Gal-3 CRD (amino acid residues 111-250) was expressed and purified as described previously [19] with some modifications. The plasmid for expressing CRD was constructed by inserting the appropriate DNA from pET-22b(+)_G111-250 [19] into the vector pET-28a(+) between the NdeI and BamHI sites and confirmed by DNA sequencing. Escherichia coli BL21 (DE3) cells were transformed with this construct and induced to express protein by incubating with 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 12 h at 25°C. The protein was extracted and purified with Ni-NTA agarose (Qiagen, Hilden, Germany) according to Qiagen handbook. Each 1 mg of His-tagged Gal-3 CRD was digested with 10 units (NIH unit) thrombin (Sigma, St Louis, USA) for 16 h at 4°C to remove the 6 × His tag. After digestion, a short peptide (Gly-Ser-His-Met) was still left in the N-terminal of Gal-3 CRD. The digested Gal-3 CRD was further purified by lactose-Sepharose CL-6B according to a previous reported protocol [20] . The eluted Gal-3 CRD from lactoseSepharose CL-6B was dialyzed against 1 l of phosphate buffered saline (PBS) containing 2 mM lactose to remove excess lactose. The protein storage buffer was changed to PBS with 2 mM lactose and 10 mM reduced glutathione by a Sephadex G-10 desalting column (GE Healthcare, Wisconsin, USA). The purity of Gal-3 CRD was >90% detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The protein was concentrated to 20-30 mg/ml using a Centricon-10 ultrafiltration unit (Amicon, Billerica, USA).
Crystallization, X-ray diffraction data collection, and structure determination Crystals were grown using the hanging drop vapor diffusion method. Drops containing 2 µl of protein (20-30 mg/ml) and 2 µl of reservoir solution were composed of 30% PEG4000 or 6000 (Sangon, Shanghai, China), 100 mM Tris-HCl, pH 7.0, 7.5, or 7.9, 100 mM MgCl 2 , and 10 mM 2-mercaptoethanol was equilibrated against 1 ml reservoir solution. The crystals attain typical sizes of 0.6 × 0.6 × 0.5 mm 3 within 2 weeks at 297 K.
For in house X-ray diffraction data collection, crystals were mounted in a 1 mm diameter glass capillary and sealed by vaseline. The data-sets were collected at 297 K on a Bruker SMART APEX II diffractometer (with a molybdenum target) (Berlin, Germany). Exposure time per frame was 1 min. For synchrotron X-ray data collection, the crystal from 30% PEG4000, 100 mM Tris-HCl, pH 7.0, 100 mM MgCl 2 , and 10 mM 2-mercaptoethanol was dehydrated using dehydration buffer (50% PEG4000, other components were the same as the reservoir solution) for 2 days before flash cooling. Other crystals were not dehydrated. All crystals of Gal-3 CRD complex with lactose were soaked into the reservoir solution supplemented with 15% (v/v) PEG400 as cryoprotectant for 2-4 min, and then flash-cooled in liquid nitrogen. Synchrotron X-ray diffraction data-sets were collected at beamline 17 U (100 K, 0.9792 Å) at Shanghai Synchrotron Radiation Facility (Shanghai, China). Exposure time per frame was 0.2 s.
Three sets of in house X-ray diffraction data were integrated using SAINT (Bruker AXS) and merged using Aimless [21, 22] from CCP4 package [23] . Synchrotron data were integrated using HKL2000 [24] . All data were scaled using SCALA [21] from CCP4 package [23] . Structures were determined using Phaser [25] with the molecular replacement method using the structure of Gal-3 CRD (PDB code: 4LBJ) as the search model. Lactose was manually added and adjusted according to the remnants of electron density maps in Coot [26] . The refinements of structures and water update were performed using Phenix [27] refine and manual adjustment alternatively. Final structure validation was performed using MolProbity [28, 29] . Threedimensional alignment of amino acid residues of all structures was performed using Gesamt [30] from CCP4 package. All the figures were generated using Pymol [31] or Coot.
Results

Water network in the ligand-binding site of Gal-3
Without dehydration, the highest resolution crystal 1 ( pH 7.0, PEG 4000) could reach was 1.6 Å which was not comparable with the resolution of other crystal structures. In order to increase the resolution, this crystal was dehydrated. After dehydration, the resolution of structure 1 can reach 1.2 Å. However, this structure shows 329 water molecules on its surface ( Table 1) . In terms of water number, this structure is the best one so far. Structures 2, 3, and 4 (PDB code: 4R9B, 4R9C, and 4R9D, respectively) crystallized in pH 7.0, 7.5, and 7.9 show 316, 300, and 275 water molecules on their surfaces, respectively. Structure 5 (PDB code: 4RL7) solved using the data collected at 297 K also shows 94 water molecules on its surface ( Table 1) .
It was suggested that ligand-binding site of Gal-3 CRD could accommodate a ligand as long as four saccharides (A-D) (Fig. 1A) [13] ). By merging four high-resolution structures obtained from different crystallization conditions, 12 conserved water molecules were found in zones B-D (Fig. 1A) . The 2|F o | -|F c |, α c map (take structure 1 as an example) of lactose binding site contoured at 1δ is shown in Fig. 1B . The electronic densities of water molecules (W1 and W4-W9) close to galactose residue are stronger than those of water molecules (W2, W3, and W10-W12) close to glucose residue.
All conserved water molecules at the same position but from different structures show <1.2 Å distance difference (Fig. 1C) . Among these water molecules, four (W1, W3, W4, and W10) could always be identified as Gal-3 CRD structures reported previously [4, 14, 15, 32] . One water molecule previously termed W2 [14] was found in structures 2 and 4 but could not locate in structures 1 and 3. The mean B factor values of these 12 conserved water molecules are listed in Table 2 . Although B factors of W2, W11, and W12 are high, they exist in all four structures.
W4 is a critical water molecule for Gal-3 binding lactose W4 is an intriguing water molecule since it could only form hydrogen bonds with O3 of galactose residue, W5 and W6. Nevertheless, the positions of this water molecule from different structures could perfectly merge with each other (Fig. 1C) . Moreover, B factor of W4 is the lowest one among the 12 conserved water molecules ( Table 2) . It suggests that this water molecule is stably trapped and is of critical importance for Gal-3 binding to lactose. The positions of W5 and W6 are also conserved. W5 and W6 do not directly bridge protein and ligand, but they contribute to the stability of the complex by holding bridging W4 in the right place through a hydrogen-bond network.
W1 is the most important one, which is coordinated with O3 and O4 of galactose residue, Arg144, Asn160, and W8 (Fig. 1C) . It is clear that this water molecule plays a key role in Gal-3 binding to lactose. Structure 5 solved using the data collected at 297 K also shows that W1 and W4 are present in the vicinity of galactose residue ( Supplementary Fig. 1A ). This result indicates that these two water molecules are trapped by Gal-3 at 297 K and suggests that W1 and W4 are necessary for Gal-3 binding to ligand under physiological temperature.
Glucose residue of lactose is not as stable as galactose residue
All oxygen atoms of galactose are coordinated by either water molecules (W1, W2, and W4) or amino acid residues (His158 and Asn174). The pyranose ring of lactose is also stabilized by Arg162 and Trp181 through cation-π and stacking interaction, respectively. Therefore, Gal-3 CRD ligand-binding site is an excellent place for binding galactose residue. With regard to the glucose residue, no water molecule and amino acid residue are identified on the top or bottom of glucose pyranose ring (Fig. 1C,D) .
The conserved water molecules (W1 and W4-W9) in zones B and C are almost in identical position in different structures. In contrast, the positions of W2, W3, and W10-W12 close to solvent channel are not fully merged with each other (Fig. 1A,C) . B factors of water molecules are consistent with the B factors distribution of galactose and glucose residues (Tables 2 and 3) . B factors of galactose atoms in zones B and C show much lower values than those of glucose residue in zone D ( Table 3) . It means that water network and galactose residue in zones B and C could stabilize each other with the help of surrounding amino acids. In contrast, glucose residue exposed to solvent channel tends to flap with water molecules (Fig. 2B) . Since O3 of galactose residue is stabilized by W1 and W4, the B factor of this oxygen atom (Table 3 ) is much lower than that of O2 of galactose residue and O1′, O2′, O3′, O6′ of glucose residue. In addition, the B factor of glucose hydroxymethyl group is so high that this flexible part of glucose is not always visible in the structure 1 electron density map ( Supplementary  Fig. 1B ).
Besides the conserved water molecules in Gal-3 CRD binding site, there are many non-conserved water molecules forming a water shell on the surface of lactose (Fig. 1D) . These water molecules dynamically flow on top of lactose, but sometimes they are trapped by lactose or amino acids, which can be detected. 
Dynamics of Gal-3 CRD in crystalline environment
All the structures solved in this study show typical Gal-3 CRD structure. C α root-mean-square deviations (RMSDs) of structures obtained from various pH conditions showed very minor difference of <0.1 Å ( Table 4) . It means that the alteration of pH could not change the global structure of Gal-3 CRD in a wide range. In contrast, RMSDs of structures 1 and 5 are >0.14 Å when compared with other structures. Although these RMSD values are not very large, they still indicate that altering protein precipitant and crystal data collection temperature can lead to Gal-3 CRD crystal structure changes.
By three-dimensional alignment of the residues in these two structures, distances between all matched residues at best structure superposition [30] were used to indicate the position differences of the same residue in different structures. Distance differences of 14 parts of Gal-3 CRD were found to be >0.38 Å ( Fig. 2A and Supplementary  File 2) . This means that these 14 parts show flexibility in crystalline environment. Among them, eight are loops (127-129, 139-142, 151-154, 165-168, 177-178, 192-197, 205-208 , and 229-230) which connect β-sheets. Two of them (165-168 and 177-178) belonging to two loops (163-169 and 174-184) have already been reported to be flexible using NMR analysis [16, 17] . The relative small fluctuate amplitude of these two loops in crystalline environment means that protein-protein contact, and lactose binding might restrict the flexibility of these two loops.
N-terminal (113-116, 118-119, and 124-125) and the last residue (250) are also flexible. The middle parts (132-134 and 243-245) of two β-sheets in different structures show unexpected position differences. These two β-sheets are at the opposite side of ligand-binding site. Since these two β-sheets are close to the flexible N-terminal of Gal-3 CRD, it indicates that N-terminal of Gal-3 CRD might influence the stability of these two β-sheets. Furthermore, the full length Gal-3 has a long flexible N-terminal domain, suggesting that CRD structure could be affected by Gal-3 N-terminal domain.
Trp181, a highly conserved residue in galectins, belongs to the flexible loop 174-184 [17] . Although NMR analyses showed that this residue is very flexible in liquid condition, this residue of five structures solved here is stabilized by lactose in crystalline condition. Arg183 is close to the ligand-binding site, and the side chain of Arg183 shows variable conformations in different structures (Fig. 2B) . This flexible residue may serve to release the tension that has been induced by binding between protein and ligand. Previously, NMR analyses proved that Arg144 is a flexible residue by comparing apo Gal-3 CRD liquid structure and GlcNAc bounded Gal-3 CRD crystal structure [17] . However, the position of Arg144 does not change in all Gal-3 CRD lactose bounded structures solved in this study (Fig. 2B) . It means that Arg144 forms a strong framework with W1 and lactose. Other ligand-binding residues such as Asn160, Arg162, and Asn174 do not change their positions in different structures.
Discussion
The structures of apo and lactose bounded Gal-3 CRD solved by Saraboji et al. [14] revealed similarities in the positions of water and carbohydrate oxygen atoms, suggesting that the binding site of Gal-3 CRD is pre-organized to coordinate oxygen atoms in an arrangement that is nearly optimal for the recognition of lactose. This point of view suggests that accurate positions of the conserved water molecules in Gal-3 CRD ligand-binding site could be used for inhibitor design. In fact, two tetrasaccharides, lacto-N-tetraose (LNT) and lacto-Nneotetraose (LNnT), are co-crystallized with Gal-3 (PDB code: 4LBJ and 4LBM) [33] , O5 and O6 of GlcNAc residue of both tetrasaccharides could substitute the position of W4 and W5, respectively (Fig. 3A) . Thus, GlcNAc residue complementarily occupies the sites of W4 and W5, which shows that LNT and LNnT have more efficient inhibition of the activity of Gal-3 that co-precipitated with laminin than lactose. The concentrations for 50% inhibition of the coprecipitation are 0.178, 0.06, and 0.84 mM for LNT, LNnT, and lactose, respectively [34] . Acetamido ganglioside a-GM3 (a-G M3 ) can also be co-crystallized with Gal-3 [33] . The carboxyl group of sialyllactose of this trisaccharide occupies W4 and W6 positions (Fig. 3B) , implying that this sialyllactose residue is in order and stably trapped by Gal-3 CRD. Collectively, if suitable groups of ideal inhibitors can occupy the position of conserved water molecules, the affinities of these inhibitors toward Gal-3 will be high. Gal-3 could bind many different kinds of physiological glycosylated ligands [3] , indicating that it must have flexible parts around ligand-binding site to help itself fit various ligands. Two loops (163-169 and 174-184) close to the ligand-binding site have been proved to be very flexible in liquid condition by NMR analyses, indicating that these two loops can adopt different conformations when Gal-3 interacts with different ligands. This study demonstrated that several residues (165-168 and 177-178) in these two loops are still fluctuating in crystalline environment. The flexibility of these two loops in crystalline condition also implies that it is possible to co-crystallize Gal-3 CRD with new types of ligands. However, only two kinds of crystallization conditions [one is PEG (4000 or 6000) condition, and another is (NH 4 ) 2 SO 4 condition] [35] for Gal-3 CRD have been used so far, which restricts Gal-3 co-crystallizes with more ligands. Thus, new conditions for crystallizing Gal-3 CRD are urgently needed. Crystal space group and protein-protein contact may be changed in the new crystallization conditions, so that the two loops (163-169 and 174-184) might adopt new conformations and bind new kinds of ligands.
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